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Abstract:  
3D computational model of graphene reinforced polymer composites is developed and applied 
for the analysis of damage and fracture mechanisms in the composites. The graphene/polymer 
interface properties are determined using the inverse modeling approach. The effect of 
composite structure, in particular, of the aspect ratio, shape, clustering, orientation and volume 
fraction of graphene platelets on the mechanical behavior and damage mechanisms of 
nanocomposites are studied in computational experiments. It was shown that the Young 
modulus of the nanocomposite increases with increasing the aspect ratio, volume content, 
elastic properties of interface layer, and decreasing the degree of intercalation. The tensile 
strength follows similar tendencies, except for the aspect ratio and clustering degree, where the 
opposite effects are observed.  Nanocomposites with homogenous structures demonstrate much 
lower Young modulus and strength as compared with aligned, plane graphene sheet 
reinforcement. It was further concluded that the structural imperfections of graphene 
reinforcement (like crumpling shape or random misalignment) have considerable effect on the 
composite performances, 
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1. Introduction 
Graphene, a strong and light two-dimensional allotrope of carbon, attracted a growing interest 
of research community and industry in recent years [1-3]. The materials he material can be 
used, among others, as reinforcement in polymer composites, thus, potentially ensuring drastic 
improvement of properties of the composites [4, 5]. 
In order to explore the potential of graphene nanoreinforcements for the polymer strengthening, 
and to find the recommendations for the computational design of the composites, 
computational models linking the microstructure of the graphene reinforced composites with 
their mechanical properties and strength are necessary. A number of computational models of 
graphene sheets and graphene reinforced composites have been developed in recent years.  
Many models are based on atomistic, hybrid and combined atomistic-continuum (FE) and 
nanoscale continuum approaches [1, 10-[12]. A detailed review of the methods of modeling of 
graphene and graphene based composites including Quantum Chemistry approach, Molecular 
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Dynamics, Monte Carlo simulation and other techniques is published by Zhang et al. [13]. 
Quite often, molecular dynamics simulations are employed to analyze the properties of 
graphene sheets and their interaction with polymer matrix. So, Zhang and Gu [14] used 
molecular dynamics simulations to determine elastic modulus, fracture stress and fracture strain 
of graphene. They demonstrated that mechanical properties of graphene are much more 
sensitive to the temperature changes than to the layer numbers in the multilayer graphene. Li et 
al. [15] also used MD simulations to characterize multilayer graphene reinforced epoxy 
composites. They considered two configurations (graphene layers parallel and perpendicular to 
polymer/graphene interface). It was shown that the strength of composite similar in both cases, 
while the damage mechanisms can be different: “the parallel case exhibits cohesive yield with 
strain localization and nano-void formation within the bulk polymer while the case with 
graphene sheets oriented normal to the interface exhibit interfacial debonding”.  Shiu and Tsai 
[16] used molecular dynamics (MD) simulation, to evaluate the mechanical properties of the 
graphene reinforced nanocomposites, with different morphologies (graphene platelets, 
intercalated graphene and intercalated graphene oxide). It was shown that the composites with 
intercalated graphene have a higher Young’s modulus, than do those with graphene platelets. 
The graphene oxide was shown to be the best reinforcement of the three considered cases.  
Still, it remains a challenge to link the results of the molecular dynamics simulations to the 
continuum mechanics and strength models of the composites at the macrolevel, characterizing 
their service properties. So, more and more works are directed toward the development of 
coupled MD-continuum mechanical models or purely multiscale mechanical models of 
graphene composites. So, Motazeri and Rafii-Tabar [11] employed a combined method, based 
on the molecular dynamics, molecular structural mechanics, and FEM, and determined the 
elastic constants of nanocomposites. Chandra et al. [17] used a multiscale FEM modeling 
approach to analyze the mechanical behavior of nanocomposites, and evaluate the effect of the 
orientation of graphene sheet on the stiffness of the composite. On the basis of the shear lag 
analysis, Young et al [5] that  efficient reinforcement can be realized only if the  size of flake is 
large enough (more than 30 µm).  Summarizing these studies, one can see that computational 
simulations represent a rather efficient tool to determine the damage and deformation 
mechanisms of the graphene based composites.  
While molecular dynamics can deliver rather detailed information on the damage mechanisms, 
the linkage between the nano structure level and bulk specimen level is not so easy to establish. 
The continuum mechanics/FEM based approaches can be easily linked to specimen/service 
properties model, but they should include the correct nanoscale level structure information. 
Further, the interface properties (which have apparently decisive effect on the properties of 
graphene reinforced polymers) are not always considered in the above models. 
Still,  the combination of atomistic and continuum approaches could be considered as the most 
powerful computational tool to address the problems associated with different scales [18]. 
In this paper, we seek to develop purely continuum mechanical models of the graphene 
reinforced nanocomposites, and employ this model to the analysis of microstructure-strength 
relationships. The objective is to explore factors controlling the strength and damage in 
graphene reinforced nanocomposites using the methods of micromechanics. In particular, we 
pay attention to the graphene/polymer interface effects, as well as the role of structural defects 
(weak interfaces, clustering, various orientations, etc.) on the damage initiation and fracture of 
the composites. In order to take into account the interface effects, we employ so-called 
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“effective interface models”, in which the thin layer surrounding the nanoreinforcement is 
assumed to be a third material, with specific properties, and these properties are determined 
using the inverse modeling approach.  The effects of nanocomposite structure, in particular, 
effects of the graphene platelet aspect ratio, shape, clustering, orientation and volume fraction, 
on the mechanical behavior and damage mechanisms of graphene nanocomposite are studied in 
computational experiments.  
 
2. Computational model and materials properties 
In this section, we present the computational approach, the method of damage and fracture 
simulation and the properties of the phases (graphene and epoxy) found in literature.   
 
2.1. 3D Finite element model of graphene monolayer composite 
In order to carry our systematic computational studies of the microstructure -strength 
relationships of graphene reinforced polymers, a number of 3D computational models 
reflecting the nanocomposite structures should be generated. For this, we employ a a 
special Python based software code developed in [19-23], and adapt it to the typical 
structures of graphene based composites (i.e., very high aspect ratio; thin layers).  
Using the code, a number of 3D FE models of graphene reinforced composites (see 
examples in Figure 1) were automatically generated. The graphene sheets morphology 
(orientation, clustering -exfoliated or intercalated, aspect ratio) were taken into account during 
the model generation process. The reinforcing graphene sheets were randomly distributed in the 
polymer matrix and (in some models) randomly oriented. To take into account the interface 
effect, the generalized effective interface layer concept was used [24-26] (see more 
details below). 
  
  
  
a. b. 
Fig. 1 Examples of 3D unit cell models of graphene reinforced composites 
a. aligned exfoliated model   b. random exfoliated model 
 
2.2. Implementation of damage analysis of graphene reinforced composites 
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The procedure of numerical simulation of damage evolution in nanocomposites includes two 
steps: damage onset and damage propagation [19, 32 ]. 
The initial defects are introduced by subjecting the unit cell to a quasi-static load.The onset of 
a crack in a graphene reinforced composite is governed by the maximum principal 
stress criterion, which can be defined as  0max maxf   [33]. Here, f denotes the 
maximum principal stress ratio and the damage crack will be formed when 1f  . smax
0  
stands for the maximum allowable principle stress and the symbol   is Macaulay 
brackets which lets the max has the alternative value of 0 or mix when mix<0 or σmax≥0, 
respectively.  
To model the crack propagation in graphene reinforced composites, 3D power law model is 
used here [34]. The power law can be described as       1I Ic II IIc III IIIcG G G G G G
  
   .  
The symbol G

 denotes the strain energy release rate parameters and indices I, II, III stand for 
the three fracture modes. The index c represents the critical values of strain energy release rate 
(the fracture toughness). α, β, γ are parameters and are assigned the value of 1. 
The numerical simulation works are carried out with the commercial FE code 
ABAQUS/STANDARD (version 6.11). Different 3D models of graphene reinforced 
composites are subjected to uniaxial tensile loading (displacement) u along the Z-
axis direction. The three-dimensional 4-node linear tetrahedron element C3D4 is 
used for meshing. The virtual crack closure technique (VCCT) [35, 36] is used to 
calculate the strain energy release rate and the linear elastic fracture mechanics 
(LEFM) approach and the framework of extended-FEM (xFEM) method [37-40] are 
involved to implement the crack evolution analysis. The comparison of xFEM, 
cohesive zone approach and the damageable layers model as applied for thew 
modelling cracking in composites has been carried out and presented in [32, 41]. 
Comparing the methods, the authors demonstrated that these approaches give very 
similar results. With view of the efficiency of XFEM, this method is used in the current 
simulations.  
2.3. Material properties 
On the basis of an analysis of literature data, the following mechanical and strength properties 
of graphene and matrix could be identified. : 
Graphene and graphene/polymer interface:  thickness of the graphene sheet 0.335 nm; aspect 
ratios of 3.5…7×104 [5]; typical diameter of 10-40 µm [42]; Young’s modulus and shear 
modulus of 1050 GPa [5-7] and 311 GPa [53]; tensile strength of 130 GPa [7]. maximum shear 
stress of 2.3 MPa at the edge of the sheet;  graphene-matrix interfacial shear stress is on the 
order of 0.25-0.8 MPa and with a maximum value of 1 MPa [42]; fracture stress of a graphene 
sheet is larger than 100 GPa and the failure strain loading is on the order of 20% [28]. 
Epoxy matrix:  Young’s modulus of 2.13 GPa [50]; shear modulus of 1 GPa [42]; tensile 
strength of 49.9 MPa [50]; threshold/critical strain energy release rate of matrix [19,23], 
namely, GIth =0.06 kJ/m
2, GIC =0.173 kJ/m
2, GIIth =0.24 kJ/m
2, GIIC =0.648 kJ/m
2, 
GIIIth=0.306 kJ/m
2, GIIIC=0.850 kJ/m
2 for mode I, II and III, respectively. 
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3. Properties of graphene/polymer interface: Inverse modeling 
The graphene/ matrix interfaces have a significant influence on the mechanical properties and 
strength of nanocomposites [3, 28].   
In this section, the interface properties between the graphene sheets ad polymer matrix are 
investigated using the inverse modeling.  As noted in [26], the extraordinary effect of 
nanoreinforcement on the mechanical properties of nanocomposites (i.e., when let’s say, 
addition of a very fraction of nanoreinforcement leads to a drastic increase of the elastic 
properties, far beyond the expected ”rule of mixture” estimations applicable for 
microreinforcements) is connected with the interaction between nanoreinforcements (with very 
high surface area) and polymer matrix, leading to the formation of the polymer layer with 
modified, perturbed chain structure. This layer of perturbed polymer surrounding the 
nanosheets is the main source of the extraordinary material strengthening, and is modeled here 
via the ”effective interface layer”.  
In [24, 29], the computational model of nanocomposite was developed, which includes (apart 
from usual matrix and reinforcement phases) a third phase, corresponding to the polymer 
volume surrounding the nanoreinforcements (here, graphene flakes) and demonstrating 
different properties than the rest of matrix, due to the perturbed polymer chain structures near 
the nanoparticles. This third phase is presented as “interphase layer” and the model is called 
“effective interface model”. 
Here, we seek to estimate the properties of the “effective interface” around the graphene sheet, 
employing the inverse modeling approach [27]. Novoselov, Young and their colleagues at the 
University Manchester [42-44] studied the change in the strain distribution on graphene, and 
observed that the strain across the flake is uniform at the applied strain up to 0.6%. After that 
cracks form in polymer coating layers, with the graphene remaining intact. As a result, the 
interfacial shear stress in the fragments is reduced to about 0.25 MPa. Here, the cases 
experimentally studied in [43] are simulated numerically. The model contains three material 
phases: matrix, interface and graphene monolayer. The graphene monolayer has a thickness 
0.34 nm, aspect ratio 2000, and is assumed to be surrounded by effective interface with a 
thickness of 1 nm (estimated as one half of the minimum separation between monolayer sheets 
given as 2 nm, see [5]).  The model dimensions are 18.4µm×10.4µm×0.3634µm. The effective 
interface layers were modeled automatically using the developed code.  
  
3.1 Static analysis: Determination of elastic properties of the interface layer  
Here, we use the iterative approximation method to determine the Young modulus of the 
effective interface layer which is supposedly surround graphene sheets in the matrix.  
First, we evaluate overall range of possible variation of the effective interface. Apparently, the 
effective interface cannot be stiffer than the graphene sheet. Since “relatively poor adhesion 
between the graphene and polymer layers” was observed [28] and following Wang et al. [26], 
(who took the Young’s modulus of the interface as 1/14 of matrix stiffness, 4.2/14= 0.3 GPa), 
we take the low limit at the level of 0.15 GPa. 
Models shown in Figure 2 are subject to applied strains  0.4% and 0.6% along the X-direction. 
The assumed elastic module of interface is  3.695 GPa (close to that of epoxy).  
Figure 3 gives four strain distributions along the central line/X coordinate of the graphene sheet 
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for different interface stiffnesses. Under the 0.4% strain loading, the strain is remains at the 
almost constant level (except for a tiny drop at the middle of the graphene sheet) through the 
graphene sheet but fall down to 0 at both sides.  This corresponds well to the results from [28]. 
Under the strain loading of 0.6%, the strain level at the central part of graphene sheet is reduced 
as the stiffness of the effective interface increases. It reaches the level of 0.4% when the 
interface has a stiffness of 3.74 GPa. The perfect “M” shape of the strain distribution along the 
length of graphene sheet corresponds to the experimental results by Young et al., [28]. for the 
Young modulus of the interface  3.74 GPa.  
Thus, the Young modulus of the interface layer 3.74 GPa can be used in the following 
simulations.  
 
 
 
 
a. b. 
Fig. 2 A model to the inverse determination of the effective interface properties 
 
 
 
 
Fig. 3 Strain distribution along the X-coordinate on the central line of graphene  
 
 
 
3.2 Damage analysis: inverse estimation of the strength of graphene/polymer interface  
Here, we seek to estimate the strength of the interface layer, using the inverse modeling.  
Again, we start with rough estimation of the strength variation range. In [19], the nanoclay-
polymer interface layer has a tensile strength of 82 MPa. Given the “relatively poor adhesion 
between the graphene and polymer layers” [28], and higher aspect ratio of graphene, we take 
the range the tensile strength of graphene sheets to be between 82 MPa and 8.2 MPa (10 times 
smaller). 
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Again, the model shown in Figure 2 is subject to 0.8% strain loading along the X-direction (as 
in the experiments in [28]). The correct interface layer strength should correspond to the 
situation when cracks are initiated in interface when the strain loading level reaches 0.6% [28]. 
The Young modulus obtained in the section 3.1 is assigned to the interface layer. 
 
Fig. 4 gives the tensile stress-strain curves for the different interface strengths. Fig. 4a shows 
that cracks are formed under strain 0.4% in the model with the interface strength 18.25 MPa. At 
the applied strains 0.6% and 0.8%, the material is already highly damaged. In the model with 
interface strength of 74.5 MPa (Figure 4b), there is no damage even under 0.8% strain loading. 
In the model with the interface strength of 32.4 MPa (Fig 4c), the material is intact under 0.4% 
strain. The crack is initiated under 0.6% strain loading, and the material gets quickly cracked 
under 0.8% strain.  Thus, the approximately strength of the effective interface can be taken 
(approximately) 32.4 MPa. 
 
A                                           b 
 
(c ) 
Fig. 4  Stress-loading time relationship under different strain loading and different interface strength as 
 a. 18.2 MPa, b. 74.5 MPa, c. 32.4 MPa 
 
 
Further, we studied the horizontal (parallel to X-direction) shear stress distribution along the 
central line of a graphene sheet under different applied strains and different interface strengths 
(see Fig. 5). It is found that the shear stress on the edge of graphene sheet increases (from 3.2 
MPa to 4.8 MPa) as the strain loading increases (from 0.4% to 0.6%) before the interface was 
damaged. There is a sharp decrease of the shear stress level (from 4.8 MPa to 0.32 MPa) after 
the model was damaged (under 0.8% strain loading). These results correspond well to the 
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observations by Young et al. [28].  
Thus, in this section, we used inverse modeling and the experimental data from Young et al. 
[28] to evaluate the elastic and strength properties of the graphene/epoxy interface (considered 
as a thin layer). The obtained values: Young modulus 3.74 GPa and strength 32.4 MPa- will be 
used in our further simulations. One should be noted that these results obtained by fitting 
numerical results (and not the exact solutions) to the experimental results. Thus, the precision 
of such fitting results is limited.  
 
 
Fig. 5 Shear stress level along the X direction 
 
   
4. Graphene morphology and crunching effect 
Mechanical properties of graphene reinforced composites strongly depend on the content and 
distribution of graphene sheets [3]. The graphene sheets orientation (aligned and random), 
aspect ratio, clustering degree (intercalated and exfoliated) and volume fraction (graphene 
loading in the composites) have effects on the mechanical behavior of composites. In this 
section, we seek to analyze the effect of these parameters on the mechanical behavior of the 
nanocomposites.  
 
4.1. Effect of graphene sheet orientation on the deformation and strength of nanocomposites 
In this section, we consider the effect of graphene orientation on the mechanical properties of 
the composites. Several 3D unit cell models with 25 graphene sheets with aspect ratio 2000 
(graphene fraction of 0.50 %) and varied graphene orientations (aligned/random) were 
generated (Fig. 1). The graphene nanosheets in the aligned models are parallel to the X-Y plane 
while the graphene nanosheets in the random model are assigned random angles with the plane 
(in the range of 0-65˚).  
Fig. 6 the stress-strain curves for aligned and random arranged graphene models subject to 
normal and axial loadings. (Here, Z direction loading, means the loading normal to the 
graphene sheets, and X direction means the loading along the graphene sheets). 
 The composites with aligned graphene sheets demonstrate a higher Young’s modulus (3.519 
GPa in X direction and 3.270 GPa in Z direction versus 1.915 GPa in X direction and 1.839 
GPa in the Z direction for the material with random orientations) and higher ultimate strength 
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(106.764 MPa and 89.56 MPa in X and Z direction, respectively, when versus 40.9117 MPa 
and 38.82 MPa for the random models). Thus, the misalignment of nanosheets leads to the 
reduction of Young’s modulus of the composites by 43.76%, and to the 56.65% decrease of 
strength (with the Z direction loading). 
 
 
Fig. 6 Strain-stress relationship composites with aligned and random graphene reinforcement 
 
The stress-strain curve of the model with random reinforcement is more zigzagged than that 
with aligned reinforcement. This can mean that the misalignment of graphene sheets can delay 
the crack propagation. 
Fig. 7 gives the cracks morphology in aligned and random model, respectively. One can see 
that a crack initiates at the graphene-matrix interface in both cases. Then it grows throughout 
the whole interface region and propagates into the matrix. Cracks meet in the matrix and merge 
together to form the main crack. One can observe that the main damage mechanisms in the case 
of a composite with aligned sheets are debonding and crack deflection.  
Further damage mechanisms such as crack pinning and crack bridging are observed in the case 
with randomly oriented sheets.  
 
  
a.  
Fig. 7 Crack morphology in an aligned and random model 
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4.2. Effect of aspect ratio of graphene on the deformation and strength of nanocomposites 
Here, we consider the effect of the aspect ratio of graphene sheets on the mechanical behavior f 
graphene reinforced polymer composites.   
Several 3D unit cells with varied aspect ratios of graphene sheets were generated. The volume 
content of graphene was 0.5 % (25 graphene sheets per unit cell). The aspect ratios of graphene 
sheets were taken 1000, 2000, 10000 and 20000. 
Figure 8 shows the stress-strain curves for the considered cases. One can see that the material 
with the aspect ratio of graphene 1000 model shows the highest tensile strength (114.71 MPa) 
and lowest Young’s modulus (2.911 GPa),  while the nanocomposite with aspect ratio sheets 
20000 show the lowest tensile strength (46.94 MPa, 59% lower) but largest Young’s modulus 
(3.667 GPa, 26% higher). Similar results have been reported by Boo et al. [45].  
It is known that for the fibrous reinforcement, there exist a critical aspect ratio after which the 
positive effect of enlargement of fiber length becomes weak or even negligible. In different 
works, the critical aspect ratios for carbon nanotubes are estimated at the level of 200..300 [46, 
47]. As shown by Mortazavi et al. [48], the critical aspect ratio increases when the 
contrast in properties of the matrix and reinforcement increases. In our simulations, 
the considered aspect ratios are significantly higher than the values estimated in these 
and other works. That explains relatively weak influence of the aspect ratios of 
graphene reinforcements observed in the simulations.  
 
 
 
Fig. 8 Graphene reinforced composites: aspect ratio effects 
 
4.3. Effect of graphene clustering  
Currently, the goal to fabricate truly exfoliated graphene composite is still far from being 
achieved [3]. Graphene sheets in the composites are quite often stacked or intercalated [4]. 
In this section, the effect of clustering of graphene sheets on the mechanical properties of 
nanocomposites is studied.  
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Several 3D unit cell models with 25 exfoliated graphene sheets and with 5 clusters (each cluster 
with 5 graphene sheets) as well as with 3 graphene monolayers plus 4 clusters with clustering 
degree of 2 (2 graphene sheets in one cluster), 3 clusters with clustering degree of 3 and one 5 
degree cluster were generated and tested in the simulations. The volume content of graphene 
was 0.5%. 
As differed from the modeling concept of nanocomposites used by Dai and Mishnaevsky [22] 
earlier, the effective interfaces in the current models were built only around graphene sheets or 
cluster (i.e., between graphene sheets or graphene clusters, and the matrix), but not between 
graphene sheets inside the clusters. This modification was motivated by the experimental 
observations by Gong et al. [30], who estimated the thickness of graphene trilayer as 1 nm (just 
3 times of the monolayer thickness,  0.34 nm) and Mahmoud [31] (who measured the thickness 
of four layers graphene sheets as 1.4 nm, 4 times of a single graphene sheet).  It also means that 
the internal debonding between graphene in each graphene multilayer cluster was neglected.  
Figure 9 shows the stress-strain curves for the unit cells with different degrees of clustering.   
One can see that the tensile strength increases as the clustering degree of nanoreinforcement 
increases (from 89.56 MPa for the exfoliated structure model to 108.55 MPa for the model with 
cluster degree of 5, what gives an increase of 21.2%). The Young’s modulus of nanocomposite 
decreases with the increasing clustering (from 3.270 GPa to 2.454 GPa, with the decrease of 
25%). When the graphene sheets are clustered, their effective aspect ratio decreases. On the 
other side, mechanical properties of the clusters become transversely isotropic and not 
homogenous. This has a strong influence on the mechanical properties of composites.  
 
4.4. Volume content effects 
Now, we seek to analyze the effect of the volume fraction of graphene in the graphene 
reinforced composites. A number of unit cell models with different graphene contents (0.25 %, 
0.50% and 1.00%) were generated and tested. 
Fig.10a shows that the volume fraction of the graphene in the nanocomposites has a significant 
effect on the damage mechanical behavior of graphene reinforced nanocomposites. The unit 
cell model with graphene content 1.00 % has the highest tensile strength (111.67 MPa) and 
Young’s modulus (5.906 GPa) while the model with 0.25% graphene loading has the lowest 
tensile strength and Young’s modulus of 75.16 MPa and 2.407 GPa, respectively. It is apparent 
that the mechanical performance of the composites exhibits a dramatic improvement due to the 
reinforcement of graphene sheets.  
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(a) 
 
(b) 
 
 
Fig. 9 Clustering effect upon the mechanical behavior of graphene reinforced composites (a) and models with 
different clustering degrees 
 
If comparing the graphene reinforced nanocomposite (0.50 % graphene) with pure polymer, 
one can see that the tensile strength and the Young’s modulus is 79.44% higher (from 49.9 
MPa to 89.56 MPa) and 53.52% higher (from 2.13 GPa to 3.27 GPa), in the nanocomposite. 
Thus, the effect of graphene nanoreinforcements is far stronger than the “rule of mixture” 
estimation. 
It can be concluded that the graphene reinforcement has a very strong effect on the mechanical 
properties of composites. The tensile strength and Young’s modulus of the composites both 
increased as the volume fraction of graphene sheets increased.  
 
 
a. b. 
Fig. 10 Volume fraction effects on the mechanical behavior of graphene reinforced nanocomposites 
a: stress-strain curves  b: tensile strength and Young’s modulus versus graphene loading 
 
 
5. Graphene shape and interfacial properties effect 
According to Singh et al [3], “controlling the folding, crumpling and bending of graphene 
materials” and “understanding of the interfacial structure and properties” are two of the five 
main challenges in producing idle graphene reinforced composites.  
In this section, the effects of graphene sheet crumbling and the interfacial properties on the 
nanocomposite performances are studied numerically.  
 
5.1. Effect of crumpled graphene on the deformation and strength of nanocomposites 
Graphene sheets in polymers are not always ideal discs, but have rather often bent, crumpled 
and waived shapes [4]. When dispersed in the polymer matrix, graphene sheets can adopt wavy 
or wrinkled forms, which may also reduce the moduli. 
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In this section, we study the effect of crumpled graphene sheet on the mechanical properties of 
graphene reinforced composites.  
The polygon graphene sheet (which Gong et al. [42] considered in their work) is modeled here 
(Fig. 11b-d). The polygon graphene sheet has a dimension of 12 µm and 34 µm in X and Y 
direction, respectively. The whole model has a dimension of 24 µm×45 µm×15 µm along the X, 
Y and Z direction. Also, a crumpled version of the polygon graphene sheet model was 
generated on the basis of the polygon model (Fig. 11c).  
Fig. 11a shows the stress-strain curves, estimated elastic and strength properties for these two 
cases. As expected, the flat graphene model is strongly preferable over the crumpled graphene. 
The flat graphene model shows a tensile strength of 83.529 MPa while the crumpled one is 
38.824 MPa, (53.52% decrease).  Also, Young modulus is 9.49% lower for the crumpled 
graphene (from 2.107 GPa to 1.907 GPa).  
We can see that shape imperfections of graphene sheets lead to much stronger reduction of 
strength, than elastic properties of composite.  
One should be also noted that  graphene is in fact a highly flexible material while in our models 
it is represented as a highly rigid material (due to its high elastic modulae). While it is beyond 
the current study, this aspect of graphene defdormation will be incorporated in the following 
simulations which are under way now.This issue is especially important for crumpled graphene. 
 
 
(a) 
 
(b) 
 
© 
 
(d) 
 
Fig. 141Crumpled effects upon the graphene reinforced composites(a), and schema of crumpled (d) and plain (c) 
sheets and their dimensions (b)  
 
 
5.2. Interfacial strength and its effect on the material behavior  
In several works, the potential of chemical functionalization of graphene for improving the 
interfacial bonding characteristics between graphene and polymers, and ultimately, its 
reinforcing properties, were studied [4, 51, 52].  
Let us consider here the effect of the interface layer strength on the mechanical properties and 
strength of the composite. 
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A number of 3D unit cell models with 25 aligned graphene sheets (aspect ratio 2000, and 
volume content 0.5%) were generated. Different interfacial strengths were assigned to the 
interface layers (67, 198 and 514 MPa). 
Figure 12 shows the results of simulations. One can see that the material with strong interfaces 
(514 MPa) ensures the highest tensile strength (127.94 MPa), Young’s modulus (3.687 GPa) 
and largest elongation till failure. The material with weakest interface (67 MPa) has the lowest 
tensile strength (50.29 MPa), Young’s modulus (2.873 GPa) and elongation.  Thus, the stronger 
interface is indeed an important resource to improve the mechanical properties of graphene 
reinforced composites. Young et al [28] also noticed that that forming strong interfaces 
between matrix and graphene can provide the nanocomposites with “reasonable stiffness, and 
strength”. 
 
Fig. 12 Interfacial properties effects on the material behavior 
 
6. Discussion  
It is of interest to compare the results of numerical experiments with some literature data. Using 
the inverse analysis, we determined the elastic modulus of the polymer layer surrounding the 
graphene sheets, which is 3.74/2.14= 75% higher than t he elastic modulus of polymer matrix. 
This corresponds to the results by Shiu and Tsai [16], who observed the morphology of 
polymer chains near the graphene sheets and found that “ the local density close to the 
graphene is relatively high, and there are greater amounts of high density polymers in the 
intercalated graphene nanocomposites. These high amounts of high density polymer are 
responsible for the enhanced thermal and mechanical properties in the intercalated 
nanocomposites”.  
In the section 4.4, we observed that if comparing the graphene reinforced nanocomposite 
(0.50 % graphene) with pure polymer, the tensile strength and the Young’s modulus are 
79.44% and 53.52% higher, respectively. According to Liang et al. [50], the tensile strength 
and Young’s modulus increase by 76% and 62%, respectively when 0.41vol% of graphene 
sheets are introduced into PVA matrix. Zhao et al. [52], that the tensile strength of a graphene 
sheets reinforced composite with 0.6 % graphene is 73% higher than that of pure matrix, while 
the Young’s increases by 150% (however, the aspect ratio of graphene sheets in their materials 
is larger and is up to 3000-6000).  These evaluations are in fact very close to our computational 
estimations of the effect of graphene reinforcement on the polymer properties (79%, 53%). 
In the section 4.1, we observed the cracks morphology in the composite with aligned and 
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randomly oriented sheets.. It was observed that a crack initiates at the graphene-matrix 
interface in both cases. This corresponds to the observation by Gong et al. [8] that the adhesion 
between graphene and polymer is relatively poor.  Then crack grows throughout the whole 
interface region and propagates into the matrix, they deflect on the nanosheets. Also, Shadlou 
et al. [9] observed the crack deviations on nanoparticles and crack propagation along the 
interfaces as most typical crack growth mechanisms in epoxy nanocomposites with various 
carbon nanoreinforcements.  
In section 4.3, it was demonstrated that the graphene clustering leads to the higher stiffness of 
the graphene reinforced composites. This is confirmed by the results of the molecular dynamics 
simulations by Shiu and Tsai [16] who showed that composites with intercalated graphene have 
a higher Young’s modulus, than those with graphene platelets. The effect of the graphene 
aspect ratio on the composite properties, observed in section 4.2 is relatively weak: only 26% 
higher stiffness as a result of the 20 times higher aspect ratio. However, this corresponds also to 
results by Chandra et al. [17], who observed that “… the stress–strain curves obtained do not 
show a considerable dependence of the results on the length of the graphene reinforcement”.  
7. Conclusions 
In this paper. microstructure-mechanical properties and –strength relationships for graphene 
reinforced polymer nanocomposites are investigated numerically, using 3D micromechanical 
unit cell models.  The elastic and strength properties of the thin interface layer between 
graphene sheets and epoxy polymer are determined using the inverse modeling method. The 
effect of microstructure of graphene based composite, in particular, aspect ratio, shape 
(crumpled versus flat) and orientation of graphene sheets, their clustering, on the stress-strain 
curves, tensile strength and elastic properties of the nanocomposite are studied. 
Summarizing the presented numerical experiments, one can draw the following conclusions.  
The Young modulus of the nanocomposite increases with increasing the aspect ratio, volume 
content, strength of interface layer and decreases with the higher degree of graphene sheet 
clustering,. The tensile strength follows similar tendencies, except for the aspect ratio and 
clustering degree, where the opposite effects are observed. Randomization of nanoplatelet 
orientation leads to the strong reduction of Young modulus and strength of the nanocomposite.   
The factors influencing the elastic properties and strength of nanocomposites can be ranked as 
follows (from stronger to weaker effects): crumpled graphene shape (only for strength: 50% 
reduction of strength only due to the shape crumpling, but only 10% reduced stiffness) -> 
graphene sheet misalignment (~50% reduction of stiffness and strength because of 
misalignment) -> volume content of graphene (50% higher stiffness and 2.5 times higher 
strength at 4  times higher content of graphene) -> interface strength (7 times higher interface 
strength gives only 2.5 times higher composite) and clustering degree (only 25% difference 
between highly clustered and exfoliated) -> the aspect ratio of  sheets (~60% lower strength 
and 26% higher stiffness due to 20 times higher aspect ratio). (The ranking is conditional, still, 
it shows that the structural imperfections in graphene reinforced composites, like sheet 
crumpling and misalignment, have the strongest effect on the composite properties).  
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